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1. A Gram-positive bacterium which has been transformed with heterologous genes 
encoding alcohol dehydrogenase and pyruvate decarboxylase wherein said , genes are 
expressed at sufficient levels to confer upon said Gram-positive bacterium 
transformant the ability to produce ethanol as a fermentation product. 

2. The Gram-positive bacterium, according to claim 1, wherein said host is 
selected from the group consisting of Bacillus, Lactobacillus, Streptococcus, 
Fibribacter, Ruminococcus , Pediococcus, Cytophaga, Cellulomonas , Bacteroides, and 
Clostridium. 

3. The Gram-positive bacterium according to claim 2, wherein said host is a 
Bacillus sp. 

4. The Gram-positive bacterium, according to claim 3, wherein said Bacillus sp. 
is selected from the group consisting of B. subtilis and B. polymyxa. 

5. The Gram-positive bacterium, according to claim 1, which has been transformed 
with Z. mobilis genes encoding alcohol dehydrogenase and pyruvate decarboxylase. 

6. The Gram-positive bacterium according to claim 1, wherein said bacterium is 
further transformed with a gene encoding an enzyme which degrades 
oligosaccharides . 

7. The Gram-positive bacterium, according to claim 6, wherein said enzyme which 
degrades oligosaccharides is a polysaccharase . 

8. The Gram-positive bacterium according to claim 7, wherein said polysaccharase 
is selected from the group consisting of cellulolytic, xylanolytic, and 
starch-degrading enzymes. 

9. The Gram-positive bacterium, according to claim 1, wherein said heterologous 
genes are incorporated onto the chromosome of said bacterium. 
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10. A method for the production of ethanol, said method comprising transforming a 
Gram-positive bacterial host with heterologous genes encoding pyruvate 
decarboxylase and alcohol dehydrogenase wherein said genes are expressed at 
sufficient levels to result in the production of ethanol as a fermentation 
product . 

11. The method, according to claim 10, wherein said host is selected from the 
group consisting of Bacillus, Lactobacillus, Streptococcus ,. Fibribacter, 
Ruminococcus, Pediococcus, Cytophaga, Cellulomonas , Bacteroides, and Clostridium. 

12. The method, according to claim 11, wherein said host is a Bacillus sp. 

13. The method, according to claim 12, wherein said Bacillus sp. is selected from 
the group consisting of B. subtilis and B . polymyxa. 

14. The method, according to claim 10, wherein said Gram-positive bacterium has 
been transformed with Z. mobilis genes encoding alcohol dehydrogenase and 
pyruvate decarboxylase. 

15. The method, according to claim 10, wherein said bacterium is further 
transformed with a gene encoding an enzyme which degrades oligosaccharides. 

16. The method, according to claim 15, wherein said enzyme which degrades 
oligosaccharides is a polysaccharase . 

17. A method for reducing the accumulation of acidic metabolic products in the 
growth medium of Gram-positive bacteria, said method comprising transforming said 
bacteria with heterologous genes which express alcohol' dehydrogenase and pyruvate 
decarboxylase at sufficient levels to result in the production of ethanol as a 
fermentation product. 

18. A plasmid designated pLOI1500. 
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CLAIMS : 



We claim: 



1. An Escherichia coli, which has been transformed with Zymomonas mobilis genes 
coding for alcohol dehydrogenase and pyruvate decarboxylase wherein said genes 
are expressed at sufficient levels to confer upon said Escherichia coli 
transformant the ability to produce ethanol as a fermentation product. 

2. The Escherichia coli, according to claim 1, wherein the Escherichia coli, 
prior to transformation, is selected from the group consisting of ATCC 8677, ATCC 
8739, ATCC 9637, ATCC 11303, ATCC 11775, ATCC 14948, ATCC 15224, and ATCC 23227. 

3. The Escherichia coli, according to claim 1, wherein said Escherichia coli has 
been transformed with a plasmid selected from the group consisting of pLOI308-10, 
pLOI297, and pLOI308-ll. 

4. The Escherichia coli, according to claim 3, wherein said Escherichia coli has 
been transformed with pLOI297. 

5. A method for the production of ethanol, said method comprising transforming an 
Escherichia coli with Zymomonas mobilis genes coding for pyruvate decarboxylase 
and alcohol dehydrogenase wherein said genes are expressed by the transformed 
Escherichia coli at sufficient levels to result in the production of ethanol as a 
fermentation product when said Escherichia coli is grown in an appropriate 
medium. 



6.. The method, according to claim 5, wherein said Escherichia coli is transformed 
with a plasmid selected from the group consisting of pLOI308-10, pLOI297, and 
pLOI308-ll. 

7. The method, according to claim 6, wherein said Escherichia coli has been 
transformed with pLOI2 97 . 
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What is claimed is: 

1. A method for producing ethanol from lignocellulose comprising discontinuously 
treating an aqueous mixture containing lignocellulose, a cellulase and an 
ethanologenic microorganism with ultrasound under conditions sufficient for 
hydrolysis of said lignocellulose to occur, to thereby produce ethanol. 

2. The method according to claim 1 wherein said cellulase is provided by a 
cellulase-producing microorganism in said aqueous mixture. 

3 . The method according to claim 1 wherein said aqueous mixture is treated with 
ultrasound at a frequency of between about 2 and 200 kHz. 

4. The method according to claim 1 wherein said ethanologenic microorganism is an 
ethanologenic bacteria or yeast. 

5. The method according to claim 4 wherein said ethanologenic microorganism is a 
bacteria or yeast which expresses one or more enzymes which, individually or 
together, convert a sugar to ethanol. 

6. The method according to claim 4 wherein said ethanologenic microorganism 
expresses enzymes which, individually or together, convert pentose and hexose to 
ethanol . 

7. The method according to claim 4 wherein said ethanologenic microorganism 
expresses alcohol dehydrogenase and pyruvate decarboxylase. 

8. The method according to claim 7 wherein said alcohol dehydrogenase and 
pyruvate decarboxylase are from Zymomonas mobilis. 

9. The method according to claim 4 wherein said ethanologenic microorganism 
expresses xylose isomerase, xylulokinase, transaldolase, and transketolase . 

10. The method according to claim 9 wherein said xylose isomerase, xylulokinase, 
transaldolase, and transketolase are from Escherichia coli. 
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11. The method according to claim 9 wherein said xylose isomerase, xylulokinase, 
transaldolase, and transketolase are from Klebsiella oxytoca. 

12. The method according to claim 9 wherein said xylose isomerase, xylulokinase, 
transaldolase, and transketolase are from Erwinia species. 

13 . The method according to claim 4 wherein said ethanologenic microorganism 
expresses alcohol dehydrogenase, pyruvate decarboxylase, xylose isomerase, 
xylulokinase, transaldolase, and transketolase. 

14. The method according to claim 13 wherein said ethanologenic microorganism is 
a recombinant microorganism expressing Zymomonas mobilis alcohol dehydrogenase 
and pyruvate decarboxylase wherein said microorganism is selected from the group 
consisting of ' Escherichia coli, Klebsiella oxytoca, and Erwinia species. 

15. The method according to claim 14 wherein said ethanologenic microorganism is 
Klebsiella oxytoca P2 . 

16. The method according to claim 14, wherein said ethanologenic microorganism is 
Escherichia coli K011. 
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1. A Gram-positive bacterium selected from the group consisting of Bacillus 
subtilis and Bacillus polymyxa which has been transformed with Zymomonas mobilis 
genes encoding alcohol dehydrogenase and pyruvate decarboxylase, wherein said 
genes are expressed at sufficient levels to confer upon said Gram-positive 
bacterium transformant the ability to produce ethanol as a fermentation product. 

2. A method for the production of ethanol, said method comprising: 

a) transforming a Gram-positive bacterial host selected from the group consisting 
of Bacillus subtilis and Bacillus polymyxa with Zymomonas mobilis genes encoding 
alcohol dehydrogenase and pyruvate decarboxylase, wherein said genes are 
expressed at sufficient levels to result in production of ethanol as a 
fermentation product, and 

b) growing said bacterial host so that ethanol is produced. 
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CLAIMS : 

What is claimed is: 

1. A method for producing ethanol from cellulose-containing biomass, comprising 
the steps of: 

A. contacting, in a first reaction vessel, said biomass with a polysaccharase 
such that cellulose in said biomass is broken down into simpler oligosaccharides 
and/or monosaccharides, 

wherein said contacting is carried out at a temperature of from about 4 0. degree. 
C. to about 60. degree. C. and a pH of from about 4.5 to about 5.0; 

B. producing from said first reaction vessel a sugar solution comprising said 
simpler oligosaccharides and/or monosaccharides; 

C. introducing said sugar solution into a fermentor which comprises gram-negative 
enteric recombinant host microorganisms capable of fermenting said simpler 
oligosaccharides and/or monosaccharides into ethanol; and 

D. fermenting said simpler oligosaccharides and/or monosaccharides into ethanol 
at a temperature of from about 30. degree. C. to about 3 5. degree. C. and a pH of 
about 6.0, 

wherein said microorganism is capable of fermenting monosaccharides into ethanol, 
and comprises a recombinant host, other than Escherichia coli, 'comprising a first 
heterologous DNA coding for alcohol dehydrogenase and pyruvate decarboxylase, 
wherein said heterologous DNA is from Zymomonas mobilis and wherein said host 
expresses said heterologous DNA at a sufficient functional level so as to 
facilitate the production of ethanol as the primary fermentation product by said 
host, 

wherein said host also produces a polysaccharase, and said host further comprises 
a second heterologous DNA segment, the expression product of which is said 
polysaccharase. 
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2. A method according to claim 1, wherein a first stream from said fermentor is 
* withdrawn and used to cool the sugar solution produced in Step B. 

* 

3. A method according to claim 2, wherein said first stream is introduced into 
said first vessel after cooling said sugar solution produced in Step B. 

4. A method according to claim 1, wherein the sugar solution produced in Step B 
is passed through an ultrafiltration unit having an upper molecular weight 
cut-off ultrafiltration membrane to obtain an ultrafiltration product solution 
and a second solution, 

said ultrafiltration product solution comprising predominantly molecules having a 
molecular weight below the molecular weight cut-off of said ultrafiltration 
membrane, said product solution comprising at least some of said oligosaccharides 
and/or monosaccharides obtained from Step B, and 

said second solution comprising predominantly molecules having a molecular weight 
above the molecular weight cut-off of said ultrafiltration membrane. 

5. A method according to claim 4, wherein said product solution predominantly 
comprises molecules having a molecular weight of less than about 25,000. 

6. A method according to claim 4, wherein the ultrafiltration product solution is 
subjected to reverse osmosis to obtain a first stream comprising predominantly 
water and a second stream comprising at least some of the oligosaccharides and/or 
monosaccharides . 

7; A method according to claim 6, wherein said stream comprising predominantly 
water is recycled to the first reaction vessel. 

8. A method according to claim 1, wherein the sugar solution produced in Step B 
is subjected to reverse osmosis to obtain a first stream comprising predominantly 
water and a second stream comprising at least some of the oligosaccharides and/or 
monosaccharides . 

9. A method according to claim 8, wherein said stream comprising predominantly 
water is recycled to the first reaction vessel. 

10. A method according to claim 1, wherein the contacting in said first reaction 
vessel is carried out at a temperature of from about 50. degree. C. to about 

60. degree. C. 

11. A method according to claim 1, wherein the contacting in said first reaction 
vessel is carried out at a temperature of from about 50. degree. C. to about 

5 5. degree. C. 

12. A method according to claim 1, wherein enzymes which break down cellulose 
into simpler oligosaccharides and/or monosaccharides are added to said fermentor. 

13. The method of claim 1, wherein said host is selected from the group 
consisting of Erwinia, Klebsiella and Xanthomonas . 

14. The method of claim 13, wherein said host is selected from the group 
consisting of Erwinia and Klebsiella. 

15. The method of claim 14, wherein said host is Klebsiella oxytoca 
M5Al(pLOI555) , ATCC 68564, deposited Mar. 14, 1991. 

16. The method of claim 1, wherein said host has been transformed with a plasmid 
comprising genes coding for alcohol dehydrogenase and pyruvate decarboxylase, 
wherein said host expresses said genes to produce alcohol dehydrogenase and 
pyruvate decarboxylase at a sufficient functional level to facilitate the 
production of ethanol as the primary fermentation product by said host. 

17. The method of claim 16, wherein said plasmid comprises Zymomonas mobilis 
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genes coding for alcohol dehydrogenase and pyruvate decarboxylase . 

18. The method of claim 16, wherein said plasmid further comprises a lac promoter 
which directs the expression of said genes coding for alcohol dehydrogenase and 
pyruvate decarboxylase . 

19. The method of claim 16, wherein said plasmid has been designated pLOI555 . 

20. The method of claim 1, wherein said polysaccharase is a cellulolytic enzyme. 

21. The method of claim 20, wherein said polysaccharase is selected from the 
group consisting of an endoglucanase, cellobiohydrolase, .beta. -glucosidase, and 
.beta. -glucanase . 

22. The method of claim 21, wherein polysaccharase is an expression product of a 
celD gene . 

23. The method of claim 22, wherein said celD gene is derived from Clostridium 
thermocellum. 

24. The method of claim 21, wherein said polysaccharase is at least partially 
secreted by said host. 

25. The method of claim 21, wherein said polysaccharase is accumulated in said 
host. 

26. A method for producing ethanol from cellulose-containing biomass, comprising 
the steps of : 

A. contacting, in a first reaction vessel, said biomass with a polysaccharase 
such that oligosaccharide in said biomass is broken down into simpler 
oligosaccharides and/or monosaccharides, 

wherein said contacting is carried out at a temperature of from about 40. degree. 
C. to about 60. degree. C. and a pH of from about 4.5 to about 5.0; 

B. producing from said first reaction vessel a sugar solution comprising said 
simpler oligosaccharides and/or monosacchrides ; 

C. introducing said sugar solution into a fermentor which comprises gram-negative 
enteric recombinant host microorganisms capable of fermenting said simpler 
oligosaccharides and/or monosaccharides into ethanol; and 

D. fermenting said simpler oligosaccharides and/or monosaccharides into ethanol 
at a temperature of from about 30. degree. C. to about 3 5. degree. C. and a pH of 
about 6.0, 

wherein said microorganism is capable of fermenting both monosaccharides and 
oligosaccharides into ethanol, and said microorganism further comprises a 
recombinant host comprising first heterologous DNA from Zymomonas mobilis coding 
for alcohol dehydrogenase and pyruvate decarboxylase, respectively, wherein said 
host 

(A) further comprises genes coding for proteins which enable said host to 
transport and metabolize an oligosaccharide, and 

(B) expresses said genes and said heterologous DNA at a level such that ethanol 
is produced as the primary fermentation product by said host from the metabolism 
of said oligosaccharide, and 

wherein said recombinant host also produces a polysaccharase, and said host 
further comprises a second heterologous DNA segment, the expression product of 
which is said polysaccharase. 

27. The method of claim 26, wherein said recombinant host is selected from the 
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group consisting of Erwinia and Klebsiella. 

28. The method of claim 27, wherein said recombinant host is Klebsiella oxytoca 
M5Al(pLOI555) , ATCC 68564, deposited Mar. 14, 1991. 

29. The method of claim 26, wherein said oligosaccharide is selected from the 
group consisting of dimers and trimers. 

30. The method of claim 26, wherein said polysaccharase is a cellulolytic enzyme. 

31. The method of claim 30, wherein said polysaccharase comprises the expression 
product of a cellulase gene of Cellulomonas fimi, and said host secretes at least 
some of said polysaccharase. 

32. The method of claim 26, wherein said polysaccharase is selected from the 
group consisting of an endoglucanase , cellobiohydrolase, .beta . -glucosidase, 
.beta. -glucanase and hemicellulase, arabinosidase . 

33. The method of claim 32, wherein said polysaccharase is an expression product 
of a celD gene . 

34. The method of claim 33, wherein said celD gene is derived from Clostridium 
thermocellum. 

35. The method of claim 26, wherein said host further comprises an additional 
heterologous DNA segment, the expression product of which is a protein involved 
in the transport of mono- and/or oligosaccharides into the recombinant host. 

36. The method of claim 26, wherein said polysaccharase is at least partially 
secreted by said host. 

37. The method of claim 26, wherein said polysaccharase is accumulated in said 
host. 

38. The method of claim 37, wherein said host further comprises an additional 
heterologous DNA segment, the expression product of which is an additional 
polysaccharase that is at least partially secreted by said host. 

39. The method of claim 38, wherein said additional polysaccharase comprises the 
expression product of a cellulase gene , of Cellulomonas fimi. 
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AB The subject invention concerns the transformation of Gram-pos . bacteria 
with heterologous genes which confer upon these microbes the ability to 
produce ethanol as a fermn. product. Specifically exemplified is the 
transformation of bacteria with genes, obtainable from Zymomonas 
mobilis, which encode pyruvate decarboxylase 

and ale. dehydrogenase. A recombinant Bacillus subtilis expressing Z. 
mobilis pdc and adhB genes was created. 
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AB Novel plasmids comprising genes which code for ale. dehydrogenase and 
pyruvate decarboxylase are described. Also described 

are recombinant hosts which have been transformed with genes coding for 
ale. dehydrogenase and pyruvate decarboxylase. By 

virtue of their transformation with these genes, the recombinant hosts are 
capable of producing significant amts. of ethanol as a fermn. product. 
Also disclosed are methods for increasing the growth of recombinant hosts 
and methods for reducing the accumulation of undesirable metabolic 
products in the growth medium of these hosts. Also disclosed are 
recombinant hosts capable of producing significant amts. of ethanol as a 
fermn. product of oligosaccharides and plasmids comprising genes encoding 
polysaccharides, in addn. to the genes described above which code for ale. 
dehydrogenase and pyruvate decarboxylase. Further, 

methods are described for producing ethanol from oligomeric feedstock 
using the recombinant hosts described above. Also provided is a method 
for enhancing the prodn. of functional proteins in a recombinant host 
comprising overexpressing an adhB gene in the host. Further 
provided are process designs for fermenting oligosaccharide -contg . biomass 
to ethanol . 
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AB Bacterial hosts, excluding Escherichia coli, expressing heterologous genes 
for ale. dehydrogenase (I) and pyruvate decarboxylase 

(II) are used for manuf . of EtOH. II is used to prevent accumulation of 
acid metabolites. Plasmids, e.g. pLOI555 carrying genes for I and II of 
Zymomonas mobilis driven by the lac promoter, are 

provided for prepn. of the host. The method is further improved by 
transforming the host with genes for proteins that facilitate transport 
and metab. of oligosaccharides, e.g., of C5-6 sugars, which host is, 
preferably, also expressing a heterologous gene for a 

polysaccharase such as a cellulolytic enzyme, a xylanolytic enzyme, or a 
starch-degrading enzyme. These hosts also preferably express heterologous 
genes for polysaccharide- degrading enzymes (e.g. those degrading 
cellulose, xylans, or starch) . A cost-effective fermn. process for 
manuf g. EtOH from oligosaccharide feedstocks using a single, genetically 
engineered microorganism is also disclosed. An ethanologenic strain 
Klebsiella oxytoca M5A1 (pLOI555) was prepd. and was further transformed 
with plasmid pLOI2003 encoding xylanase (gene xynZ) and 
xylosidase (gene xylB) of Clostridium thermocellum to obtain a 
transformant capable of converting xylan to EtOH. 
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AB The efficient diversion of pyruvate from normal fermentative pathways to 
ethanol prodn. in K. oxytoca M5A1 requires the expression of 
Zymomonas mobilis genes encoding both pyruvate 
decarboxylase and ale. dehydrogenase. Final ethanol conens. 
obtained with the best recombinant, strain M5A1 (pL0I555) , were in excess 
of 40 g/L with an efficiency of 0.48 g of ethanol (xylose) and 0.50 g of 
ethanol (glucose) per g of sugar, as compared with a theor. max. of 0.51 
ethanol/g sugar. The maximal volumetric productivity per h for both 
sugars was 2.0 g/L. This volumetric productivity with xylose is almost 
twice that previously obtained with ethanologenic Escherichia coli. 
Succinate was also produced as a minor product during fermn. 
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AB Escherichia coli with mutations which result in ale. dehydrogenase 

hyperprodn. are transformed with the Zymomonas mobilis 

pyruvate decarboxylase gene. These 

microorganisms can be used to manuf . EtOH. The recombinant mutants grew 
to higher cell d. than did the parent strain. The increase in d. and the 
extent to which EtOH accumulated in the medium correlated with the level 
of expression of the decarboxylase. 
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Ethanol production by genetically 
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AB DNA fragments comprising ale. dehydrogenase and pyruvate 

decarboxylase (enzymes of the ethanologenic pathway) genes were 
isolated from Zymomonas mobilis and cloned in E. coli 

cells using different plasmids as expression vehicles. Both enzymes were 
expressed at high level and this resulted in elevated EtOH productivity. 
Using 12% glucose, 12% lactose, and 8% xylose as substrates, the EtOH 
yields in E. coli were 58, 52, and 42 g/L, resp., or 95, 80, and 102%, 
resp. , of theor . 
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Use of the tac promoter and lacl-q for the controlled 
expression of Zymomonas mobilis 
fermentative genes in Escherichia coli and 
Zymomonas mobilis. 

Arfman, N. ; Worrell, V.; Ingram, L. 0. (1) 
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Article 
English 

The Zymomonas mobilis genes encoding alcohol 
dehydrogenase I (adhA) , alcohol dehydrogenase 
II (adhB) , and pyruvate decarboxylase (pdc) were 
overexpressed in Escherichia coli and Z. mobilis by using a 
broad-host -range vector containing the tac promoter and the lacl-q 
repressor gene. Maximal IPTG (isopropyl-beta-D- 

thiogalactopyranoside) induction of these plasmid-borne genes in Z. 
mobilis resulted in a 35-fold increase in alcohol 
dehydrogenase I activity, a 16. 7 -fold increase in alcohol 
dehydrogenase II activity, and a 6. 3 -fold increase in 
pyruvate decarboxylase activity. Small changes in the 

activities of these enzymes did not affect glycolytic flux in cells which 
are at maximal metabolic activity, indicating that flux under these 
conditions is controlled at some other point in metabolism. Expression of 
adhA, adhB, or pdc at high specific activities (above 8 IU/mg of cell 
protein) resulted in a decrease in glycolytic flux (negative flux control 
coefficients), which was most pronounced for pyruvate decarboxylate . 
Growth rate and flux are imperfectly coupled in this organism. Neither a 
twofold increase in flux nor a 50% decline from maximal flux caused any 
immediate change in growth rate. Thus, the rates of biosynthesis and 
growth in this organism are not limited by energy generation in rich 
medium. 
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ALCOHOL PRODUCTION FROM GLUCOSE AND XYLOSE USING 
ESCHERICHIA-COLI CONTAINING ZYMOMONAS - 
MOBILIS GENES. 

NEALE A D; SCOPES R K; KELLY J M 
DEP. BIOCHEMISTRY, LA TROBE UNIV. 
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AB An Escherichia coli strain containing a recombinant plasmid encoding the 
pyruvate decarboxylase and alcohol 
dehydrogenase genes from Zymomonas mobilis 

metabolized glucose and xylose to near theoretical yields of ethanol. 

Enzyme activity measurements indicate high expression levels of both 

plasmid-encoded Zymomonas proteins in the recombinant E. coli. The 

expression in E. coli is under the control of a promoter in the Zymomonas 

sequence upstream of the pyruvate decarboxylase 

gene. The maximum ethanol level, using 4% glucose as substrate, 

was 1.8% (w/v) in anaerobic conditions. In aerobic conditions the natural 

repression of E. coli alcohol dehyrogenase results in less ethanol 

production from clones expressing only Zymomas pyruvate 

decarboxylase . 
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EXPRESSION OF DIFFERENT LEVELS OF ETHANOLOGENIC ENZYMES 
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The expression of Zymomonas mobilis genes encoding 
pyruvate decarboxylase and alcohol 

dehydrogenase II in Escherichia coli converted this organism from 
the production of organic acids to the production of ethanol. Ethanol was 
produced during both anaerobic and aerobic growth. The extent to which 
these ethanologenic enzymes were expressed correlated with the extent of 
ethanol production. The replacement of organic acids 

with ethanol as a metabolic product during aerobic and anaerobic growth 
resulted in dramatic increases in final cell density, indicating that 
these acids (and the associated decline in pH) are more damaging than the 
production of ethanol. Of the plasmids examined, the best plasmid for 
growth and ethanol production expressed 
pyruvate decarboxylase and alcohol 

dehydrogenase II at levels of 6.5 and 2.5 IU/mg of total cell 
protein, respectively. 
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Genetic engineering of ethanol production 
in Escherichia coli. 

Ingram L O; Conway T; Clark D P; Sewell G W; Preston J F 
Department of Microbiology and Cell Science, University of 
Florida, Gainesville 32611. 
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AB The genes encoding essential enzymes of the fermentative pathway for 
ethanol production in Zymomonas 

mobilis, an obligately ethanologenic bacterium, were inserted into 
Escherichia coli under the control of a common promoter. Alcohol 
dehydrogenase II and pyruvate decarboxylase 

from Z. mobilis were expressed at high levels in E. coli, resulting in 
increased cell growth and the production of ethanol as the principal 
fermentation product from glucose. These results demonstrate that it is 
possible to change the fermentation products of an organism, such as E. 
coli, by the addition of genes encoding appropriate enzymes which form an 
alternative system for the regeneration of NAD+. 
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